Cell Reports

DOT1L/H3K79me2 represses HIV-1 reactivation via
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SUMMARY

DOTIL mediates the methylation of histone H3 at lysine 79 and, in turn, the transcriptional activation or
repression in a context-dependent manner, yet the regulatory mechanisms and functions of DOTIL/
H3K79me remain to be fully explored. Following peptide affinity purification and proteomic analysis, we iden-
tified that DCAF1—a component of the E3 ligase complex involved in HIV regulation—is associated with
H3K79me2 and DOTI1L. Interestingly, blocking the expression or catalytic activity of DOT1L or repressing
the expression of DCAF1 significantly enhances the tumor necrosis factor alpha (TNF-=)/nuclear factor «B
(NF-xB)-induced reactivation of the latent HIV-1 genome. Mechanistically, upon TNF-o/NF-xB activation,
DCAF1 is recruited to the HIV-1 long terminal repeat (LTR) by DOTIL and H3K79me2. Recruited DCAF1
subsequently induces the ubiquitination of NF-xB and restricts its accumulation at the HIV-1 LTH. Altogether,
our findings reveal a feedback modulation of HIV reactivation by DOT1L-mediated histone modification
regulation and highlight the potential of targeting the DOT1L/DCAF1 axis as a therapeutic strategy for HIV

treatment.

INTRODUCTION

Epigenetics refers to the stable phenotypic changes that can be
heritably transmitted without altering the DMNA sequence. This
regulatory process primarily involves molecular mechanisms at
multiple levels, including DNA methylation, non-coding RMNAs,
and histone modifications. Among these mechanisms, histone
methylation plays a crucial roke in epigengtic regulation. It in-
volves the covalent binding of specific amino acid residues
(such as lysine and arginine) in histones to methyl groups under
the action of methyliransferases. This modification alters the
structure and stability of chromatin, thereby influencing gene
expression.’ In mammals, DOTIL (disruptor of telomeric
silencing 1-like) is the sole methyltransferase that catalyzes the
mono-, di-, and tri-methylation of H3K79.° Recent structural
studies have elucidated the sequential events for methylation re-
action at the molecular level: DOTIL is first recruited to the
nucleosome, then immaobilized via ubiquitinated H2BK120, and
activated to mediate the methylation reaction on H3K79.” " Spe-
cifically, after DOT1L forms a complex with the nucleosome, the
ubiguitin on H2ZBK120, the acidic patch, and the H4 tail within the
nucleosome restrict DOT1L's orientation. This positioning en-
sures that the active site of DOT 1L faces toward the nucleosome
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and the H3K79 residue. On the other hand, however, the
factors and mechanisms involved in removing or recognizing
H3IKT8me, and downstream functions linked to the dynamic
regulation of this epigenetic mark remain to be further explored.
DOTIL and H3K79me are frequently associated with active
gene transcription.”” They contribute to the maintenance of
chromatin accessibility, histone acetylation, and the binding of
specific transcription factors to promoters and enhancers,
including H3K79me2/3 enhancer elements.’” DOTIL may
interact with the C-terminal domain of RNA polymerase |l
(RANAPI) and several RMNAPll-associated elongation com-
plexes."" Inthe context of MLL {mixed-lineage leukemia) -driven
leukemia, DOT1L interacts with MLL translocation pariner pro-
teins within the super elongation complex. it drives gene expres-
sion through H3KT3 methylation and contributes to disease pro-
gression.' " Furthermore, DOTIL has been implicated in
several other types of cancer, where it promotes gene activa-
tion."™'* Given these associations, DOTIL is a potential target
for prognostic evaluation and therapeutic interventions.
Besides active gene loci, DOT1L and H3KT9me play important
roles in heterochromatic regions with repetitive DNA sequences
as well, such as the telomere and centromere. Early studies have
shown the presence of methylated H3K79 residues at the
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heterochromatin territory.”” In yeast, DOT1L was discovered to
maintain telomere heterochromatin and gene silencing.'” Such
effect was later demonstrated to require Dot1 enzymatic activity
and methylation at the H3K79 site.'” In mouse embryonic stem
cells, it has been demonstrated that DOT1L stimulates transcript
production from the percentromernic repeat regions, a process
required for maintaining heterochromatin structure and genomic
integrity. ™ Intriguingly, a recent report has unraveled that DOT1L
controls the deposition of histone H1 variants via Npm1 to sup-
press the expression of endogenous retroviruses, such as
MERVL {murine endogenous refrovirus-1).%" Collectively, these
findings indicate that DOT1L plays divergent roles in transcrip-
tional regulation at genomic regions bound by distinct co-factors
or H3K79me readers.

DOTILH3KT9me is involved in wviral infection as well. In
herpes simplex virus type 1-infected herpes simplex keratitis,
inhibition of DOTIL constrains comeal oxidative siress and
inflammation induced by the p38 pathway.™ DOTIL silencing
or treatment with its catalytic inhibitor pinometostat (EPZ5676)
enhances the replication of influenza and vesicular stomatitis vi-
ruses.™ Further analysis has revealed that EPZS676-treated
cells display decreased nuclear translocation of the MF-«B com-
plex and antiviral type | interferon response associated with
increased viral replication.™ Such an antiviral role of DOTIL
was reported in studies of other viruses, such as the Sendai vi-
rus.** However, upon the infection of the avian leukosis virus,
DOTI1L may play an opposite role by restricting the innate im-
mune response in host cells.™ These results therefore reinforce
the context-dependent functions of DOTIL in response to viral
infection.

In this study, we performed the peptide affinity purification and
mass spectrometry analysis in HEK293T cells to identify hun-
dreds of proteins linked to the histone H3K79 residue in a methyl-
ation-specific manner. A component of the E3 ligase complex
implicated in the HIV life cycle, DCAF1 (DDB1 and CUL4
associated factor 1), was further confiimed to be associated
with H3K79me2 and DOTIL. We then examined the role of
DOTIL/HIKT@me and DCAFT in HIV-1 provirus latency mainte-
nance and reactivation induced by the TNF/NF-«B pathway,
and we identified DOT1LH3K7OmeDCAF1 axis negatively
modulated HIV-1 reactivation. Furthermore, we examined the
potential role of DCAF1 in controlling MF-«B occupancy at the
HIV-1 long terminal repeat (LTR) region. Lastly, we combined
the treatment of EPZ5676 and latency reversing agents (LRAs)
in the HIV-1 latent cell model and demonstrated a synergistic ef-
fect on HIV-1 reactivation.

RESLULTS

Identification of proteins associated with methylated
H3K73 by mass spectrometry

While several protein factors have been linked to histone H3K79
methylation,”™ “* the regulation and functions of the DOTILS
H3KT9me axis in different contexts remain incompletely under-
stood. To identify candidate proteins that directly or indirectly
bind to methylated H3K79, we conducted an in witro biotin-
labeled peptide pull-down assay followed by mass spectrometry
analysis. Specifically, we synthesized four types of biotinylated,
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22-amino acid (aa) peptides that mimic the protein sequence of
histone H3 from aa 69 to 90. These peptides featured zero to
three methyl groups at the K79 site. Additionally, we included a
mixture of random 22-aa peptides as the control (Figure 1A).
The peptides were mixed with streptavidin magnetic beads to
form the peptide-bead conjugates, which were then incubated
with nuclear lysates prepared from HEK293T cells (Figure 1B).
Bound proteins were resolved through SDS-PAGE, visualized
by silver staining, and analyzed via mass spectrometry (Figures
1C and 51A). In total, 590 proteins were significantly associated
with at least one H3K79-containing peptide compared to the
random control (Table S1).

Clustering analysis showed proteins identified by peptides
with H3K9me0 and H3K7™9me1 largely overapped ones pulled
down by the peptide containing H3K72me2, suggesting these
proteins bind to peptides in witro depending on peptide
sequence rather than the methyl group (Figure 1D0). Besides
these commonly associated factors, HIKT9me2 was bound by
a unique group of proteins, and so was H3K79me3 (Figures 1D
and 1E), implicating the steric impact of multi-methyl groups
on protein binding.”™ " We then focused our analysis on these
unigue proteins, which were 224 for H3K79me2 and 169 for
H3K79me3. Gene Ontology (GO) analysis has identified that
H3IKTMOme2-recognizing proteins are involved in the regulation
of gene expression and metabolic process or components of
the mediator complex, while many H3K79me3-associated pro-
teins are implicated in RNA metabolic process or belong to the
ribosomal protein complexes (Figure 51B). Of note, the protein
interaction network analyses have uncovered that many proteins
specifically associated with HIKTAme2 were subunits of several
transcription-regulating complexes, such as the mediator, inte-
grator, NELF (negative elongation factor),™ and CCR4-NOT
complex™ (Figure 1F). To verify the mass spectrometry results,
we performed an in vitro pull-down assay followed by westemn
blot to examine a few listed H3K79me2-binding proteins that
function in transcription regulation, including MED23, NELFE,
CBX8, CPSFG, CPSF3L, and INTS9. MEMN1 (menin) was also
included for validation as it is a direct binding protein of
H3KT9me2 “ Indeed, the results confirmed that all tested pro-
teins preferred to bind to H3K79me2 (Figure S1C). In sum, our
data suggest that H3K7O9me2 associated with unique factors
may participate in transcription regulation with various co-
factors.

Interaction of DCAF1 with DOT1L
Several protein domains that recognize methylated lysine in his-
tones have been reported, such as the PHD, WD40-repeat and
ankyrin-repeat domain, and the Royal domain family. The Royal
domain family includes the Tudor, Chromo, MEBT, and PWWP
domains. ™" To identify associated proteins that recognize
HIK79me2/me3, we performed domain enrichment analysis
and discovered two chromo domain-containing proteins,
CHDE and DCAF1 (also called VPRBF), specifically for
H3KM™me2 (Figures S2A and S2B). In vitro peptide pull-down
assay further validated both proteins prefemed to associate
with the H3K79me2-containing peptide (Figure 2A).

We were intrigued by DCAF1, as it is a component of the E3
ubiquitin ligase implicated in transcriptional regulation, ™ ™ but
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Figure 1. Mass spectrometry experiment design and capturing of HIKTS methylation-interacting proteins

{A) Design and synthesis of biotimylated peptides, including the 22-aa peptide mix of random sequences and ones mimicking H3 aa 8990 with different numbers
of methyl growps at K9,

{B) Schamatics of the peptide pull-down assay.

{C) Visualiration of factors associated with peptides in silver stain gel.

(D Cluster and heatmap results for differential binding proteins. Each columin represents a sample, with thre= replicates per sample, and each row represents an
associated protein.

({E) The temary diagram showing the prefermed binding proteins to H3K Smed, me1, or me? (left) and to H3KBmed, ma2, or me3 (right). The color points represant
proteins with different binding preferences (enrichment). Fold change =3 and the p < 0105 are considered as significant enrichment.

{F) Interaction map of HIK9me2- and me3-associated protein complexes distinguished by colors. The analysis was performed by STRIMG. See also Figure 51
and Table 51.
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it has not been linked to DOTIL or H3K79me. To further explore
the relationship between DCAF1 and the DOT1L/H3K79me reg-
ulatory axis, we constructed the doxycycline (DOX)-induced
DOT1L- or DCAF1-expressing HEK293T cell lines (Figures S2C
and 520), the viability of which were not affected by DOX treat-
ment (Figures 2B and 2C). We then conducted the reciprocal
co-immunoprecipitation assays and found that DCAF1 could
interact with DOTIL (Figures 2D and 2E). Interestingly, such as-
sociation was unaffected in cells pretreated with EPZ5676, sug-
gesting that DOT 1L activity is not required for protein interaction
(Figures 2F=2I). Furthermore, we performed the immunostaining
experiment indicative of the co-localization of DOTIL and
DCAF1 in the nucleus (Figure 2J).

To dissect the potential biological impacts of DOT 1L interacting
with DCAF1, we established the HEK293T cell ines expressing the
small hairpin RMA (shRMNA) to specifically target DOT L or DCAFT
fior repression in a DOX-treatment-dependent manner. Both real-
time gPCR and western blot showed that DOTIL and DCAF1
were significantly ablated by specific shRNAs induced by DOX,
without compromising the cell viability (Figures 2K, 2L, and 52E-
52G). Furthermore, ablation of the expression or the enzymatic ac-
tivity of DOT 1L or repression of the expression of DCAF1 has little
effect on the cell cycle progression (Figures 52, 52H, and S21).
Collectively, these results suggest neither DOT1L nor DCAF1 is
essential for HEK293T cell growth.

Both DOT1L/H3K79me2 and DCAF1 repress latent HIV
reactivation
Both DOTI1L and DCAF1 are implicated in HIV life cycle con-
trol. *+***" Our finding of the interaction between DOTILS
H3KMme2 and DCAF1 thereafter prompted us to examine if
DOT1L and DCAF1 modulate certain stages of HIV life cycle in
a coordinative manner. As both proteins are mainly in the nu-
cleus and DOT1L functions on chromatin, we reasoned to focus
our study on the HIV latency maintenance and reactivation. We
used two latent cell models, E4 and 2010, in which the modified
HW-1 genome was integrated into either the second exon of the
MSRBT gene or the 11" intron of CD2AP. Moreover, a green
fluorescent protein reporter gene has been inserted into the
nef gene for monitoring the level of HIV-1 gene expression in
both cell models.*' The integrated HIV-1 genome in both cell
lines can be activated by TNF=z treatment or by the expression
of the viral protein Tat.*"-*

With these latent HIV-1 models, we constructed cell lines ex-
pressing shMC or shDOTIL in a DOX-induced manner and
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ob=erved lithe defects in cell viability (Figure S34). During the la-
tency period, the proportion of GFP-positive cells remained the
same in both E4 or 2D10 cells following DOTIL ablation
(Figures 3A, 3B, S3B, and S3C). On the other side, however,
the proportion of GFP-positive cells was significantly upregu-
lated following TMFz treatment for 12 h and further elevated by
the ablation of DOT1L expression in both cell lines. Accordingly,
the expression of GFP protein was enhanced in shDOT1L-ex-
pressing cells compared to that in shNC control by westem
blot (Figure 3C). To determine if DOTIL functions through its
enzymatic activity, we pretreated E4 and 2D10 cells with
EPZ5676 followed by TMFa induction. Indeed, we found that
removal of the H3K79me decoration further increased the
percent of reactivated GFP-positive cells for both cell lines,
without any effect on cell viability (Figures 3D-3F, 53D and
S3E). Inspired by these findings, we generated the shDCAF1-ex-
pressing E4 cell ines and observed the same trends following
the TNFz treatment as that for shDOTIL cells (Figures 3G-3l
and S3F-33l). Interestingly, when we simultaneously blocked
DOTIL activity and DCAF1 expression by EPZ5676 treatment
in shDCAF1-expressing E4 cells, no additive effect was
observed in comparison to either treatment alone, suggesting
that DOTIL and DCAF1 may function in the same axis in HIV-1
reactivation (Figures 3J-3L and S3I).

It has been shown that transcriptional reactivation of the HIV
prowvirus genes would gradually be reversed to the latent state
after TNFz is withdrawn.”” To examine if DOT1L/H3K79me
and DCAF1 are involved in the maintenance or reversal of the
activation status, we treated cells with TNF= for 24 h and then
replaced the stimulation with the regular medium. While the per-
centage of GFP-positive cells gradually returned to the basal
lewel in 6 days, such a process was significantly delayed by sup-
pressing the expression of DOTIL or DCAFT or by EPZ5676
treatment (Figures 3M-30 and 53.J-53L). In sum, our data indi-
cate that DOT1L plays a negative role via its enzymatic activity,
possibly together with DCAF1, in induced HIV-1 activation and
maintenance.

Transcriptome alteration following DOT 1L inhibition

and HIV-1 reactivation

DOT1L is primarily suggested as a positive regulator of transcrip-
tion, which contrasts with our observations in HIV-1 reactivation,
raising a question as to whether DOT 1L modulates HIV-1 reacti-
vation directly or indirectly. To tackle this question, we began to
characterize the impact of DOTIL activity on transcriptome

Figure 2. Interaction of DCAF1 with DOT1L and H3KT9me2

{A&) Verification of DCAF1 and CHDS by peptide pull-down and western blot. Random peptide 22 was used as a non-specific peptide and LamB1 as a non-specific

binding protein.

(B and C) Cell viability examination by CCKB assays for HEK283T cells overexgpressing DOT1L (B) and DCAF1 (C). Data are presented as means + S0 (n = 4).
Sitatistical significance was determined by the Student's t test. ns: no significance.

{0 Immunoprecipitation of HA-DOT 1L from the HEK293T cell lysate followed by the westem blot assay.

{E) Immunoprecipitation of HA-DGAF1 from the HERZA3T cell lysate followed by the westem blot assay.

{F and G} Cell viability examination by CCKE assays for HEK293T cells overexpressing HA-DOTIL (F) and HA-DCAF 1 (G), following the EFZ56 76 treatment {1 phd).
{H and [) Immunoprecipitation of HA-DOT1L (H) and HA-DCAF (1) from the HEK293T cells axpressing comesponding proteins with or without the EFZS676

treatment followed by the westem blot assay.

() Immunostaining of HA-DCAF1 (red), DOT 1L (green), and DAP (blue) in HEK293T cells exogenously expressing HA-DCAF 1. Scale bar: 7.5 pm.
(K and L} Relative mRMA expression levels of endogenous DOTIL () and DCAFT (L) in HEK293T cells expressing shDOTIL or shDGAF 1. shMC: the cells ax-
pressing the scramble shRMA. Statistical significance was determined by the Student’s t test, *=p < 0.001. See also Figure 52.
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alterations by performing the BMA-zeq analyses in E4 cells
following the treatment of EPZS676 (72 h), TNFx (12 h), or
both. Notably, highly reproducible datasets indicated that incu-
bation with TNFz elevated the expression of only a few genes
(Figures 4A and 54A). A similar result was obtained from cells
with dual treatments compared to that with EPZ5676 alone (Fig-
ure 54B). Meanwhile, there was little change in the expression of
genes involved in gene set enrichment analysis enrchment cat-
eqories related to TNFz signaling via MF-«B and inflammatory
response (Figures 4B and 4C). This result is consistent with the
established feedback mechanism, by which NF-«B activation
is quickly tumed down by induced expression of the inhibitory
factor IxBa**** Taken together, the long-term {12 h) promotion
of HIV-1 reactivation by DOTIL loss is not because of globally
prolonged TMFa/NF-xB activation.

Treatment of cells with EPZ5676 led to significant upregulation
of 389 genes and downregulation of 26 genes compared to un-
treated cells (Figure S4C). In parallel, dual treatments caused
385 upregulated and 40 downregulated genes compared to
THFa treatment alone (Figure S40). Interestingly, the clustering
analysis of differentially expressed genes revealed a large de-
gree of overlap between datasets with EPZ5676 and dual
treatments (Figure 4A, C1 and C2). Moreover, dual treatment
changed the expression of only a few genes compared to
EFZ567E (Figure S4D0). We validated several up- (G1) and down-
regulated (C2) genes by the real-time gPCR assays (Figures 54,
S4E, and S4F). These results suggest that inhibition of DOTIL
activity, but not long-term TNFz treatment, has a dominant influ-
ence on altered genes.

GO analysis showed genes in C1 were enriched in diverse
developmental processes unrelated to the identity of E4 Jurkat
cells (Figure 54G). In contrast, most of the terms for G2 were
related to leukocyte-mediated cytotoxicity, hmphocyte-medi-
ated immunity, and positive regulation of cell killing, consistent
with the T lymphocyte origin of E4 cells (Figure S4H). These ob-
servations reminded us of previous reports that loss of DOTIL
causes non-specific induction of silenced or inactive genes,
where there is an absence of H3K79me decoration.*” We there-
after compared the owverall expression levels of upregulated,
downregulated, and all genes in the presence of EPZ5676 treat-
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ment, the result of which showed that upregulated genes were
indeed expressed at significantly lower levels than the downre-
gulated and all-gene groups, consistent with their non-specific
identifies to E4 cells (Figure S41). As EPZ5676 alone induces
the expression of C1 genes and dual treatments confer no addi-
tional effect (Figure 4A), we conclude that the enhancement of
the HIV-1 reactivation by DOT1L inhibition is due to a mechanism
different from that for G1 gene induction.

To examing if loss of DOTIL promotes HIV-1 reactivation
through transcription, we calculated the expression of the HIV
genome-encoded genes from the RMNA-seq data. Similar to the
results of GFP protein measurement, the expression of viral
RMAs was significantly induced by TNFz, and the synergistic
elevation was achieved by EPZ5676 pretreatment (Figure 40).
Real-time gPCR was conducted and further validated the
RMNA-seq results (Figure 4E). Intriguingly, C3 genes in host cells
appeared to be regulated similarly to the HIV-1 genes, remaining
silenced in the presence of EPZ5E676, yet activated by TMFz and
further induced by dual treatments (Figures 4A and 4F). GO anal-
y=is showed enriched terms in the immune response pathways
(Figure S44J). Altogether, these data confirmed that DOTIL re-
strains TNFz-induced transcription of the HIV-1 genome-en-
coded genes, together with specific host genes.

DOT1L promotes the recruitment of DCAF1 to the HIV-1
LTR on chromatin

We next sought to examine if DOT1L directly regulates the tran-
scription of HIV-1 genes upon reactivation. Chromatin immuno-
precipitation (ChiP)-gPCR experiments were then performed to
evaluate the levels of DOTIL and H3K79me2 at different
positions of the HIV-1 LTR and the downstream integrated
EGFF locus (Figure 5A). An H3 ChiP-gPCR was performed as
the background control (Figures 5B, 5C, and S5A). While low in
the latent stage, increased DIOT 1L occcupancy and H3K79me2
level were observed upon TMFz stimulation, yet the H3 level
that represents the nucleosome occcupancy on chromatin re-
mained unchanged (Figures 5B, 5C, and S55A). In particular, the
most evident enhancement of DOTIL binding occurred at
the HIV-1 LTR, whereas H3K79me2 marks were extended from
the LTR to the downstream GFP region, suggesting that TNFa

Figure 3. DOT1IL/H3KT9me2 and DCAF1 repress the latent HIV-1 reactivation

{A) Flow cytometry analysis of two shDOT1L-expressing E4 cell lines at latency (TMFz—) and reactivation (TMFz+, 10ng/mlL, 12 h). Representative results of three
technical repeats from at least threse experiments were shown.

({B) Quantification of GFP-positive E4 cells expressing shNG or shDOT 1L at latent stage or reactivated upon THFz treatment. Data are presented as means + S0
in=3

{C} Thee protein levets of DOT 1L and GFP examined by westem bllot in E4 cells expressing shDOT 1L with and without TNFz treatment. H3 was used as a control for
H3KAmes.

(D) Cell wiability examination by CCHE assays for E4 cells treated with EFZ56 16 and TNFz. Data are presanted as means + S0 {p = 4. The statistical significance
was determined by the Student’s t test. na: no significance.

(E and F) The flow cytometry analysis of E4 cell lines before and after the treatment of EFZ5%6 76 and THFo. Represantative results of three technical repeats from at
least three experiments. (E) The guantification of the flow cytometry assay (means + S0; n = 3} and the western blot assay detecting the protein levels of GFP and
H3KAme2 (F) are shown.

(G} The flow cytometry analysis of two shDCAF1-axpressing E4 cell lines with or without TNFz treatment. Representative results are of three technical repeats
from at least three experiments. (G) The quantification of the flow cytometry assay (means + S0; n = 3) (H) and the westemn blot assay detecting the protein levels
of GFP and DCAF ([) are shown.

) and K} The flow cytometry analysis of the shDCAF1-exgpressing E4 cell line treated with EFZS676 for 3 days without [J) or with (K] TNFz activation.

{L) The guantification of GFP-positive cells for (J) and (K). Data are presentad as means + SD jn = 3).

{M-0) The percentage of GAP-positive E4 cells expressing shDOT 1L (M), treated with EPZ5676 (M), or expressing shDCAF1 (0). Cells were activated by TNFa for
24 h, which was replaced with fresh medium. =p < (L001. See also Figure 53,
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Figure 4. Transcriptome analysis following EPZ567T6 treatment and HIV-1 reactivation

{A) Heatmap presentation of the differentially expressed genes identified by ANA-seq (m = 3) and organized by k-means clustering segmentation. EPZ: EFZLS6 16,
E+T: EFZ5676 and TMNFz

(B and C) Expression alterations for gene sats imvolved in THIFx signaling via MF-cB pathway (B) and inflammatory responss (C).

(D) Expression of HIV-1 genes by ANA-seq data. Date are presented as means + SD {0 = 3). FPKM: fragments per kilobase of transcript per million fragments.
{E) Real-time gPCR validation of HIV-1 gene expression by RMA-seq. Data are presented as means + S0 (n = 3).

{F) Real-time gPCR validation of the expression of C3 cluster genes by ANA-seq data. Data are presented as means = 50 (0= 3). *p < 0,05, “p < .01, and
**p < 0.001. See also Figure 54.
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{A) Diagram of the HIV-1 genome and lecations of primer pairs used in the ChiP-gPCR analyses. TSS, transcription start site. Pro, promoter. Nuc, nuclecsome.
(B and C) ChiP-gPCR results showing the levels of DOTIL and H3KMme2 at HIV-1 LTR and downstream GFP regions in B4 cells following THFo treatment for
12 h. ChiP enrichment values were nomalized to input and are shown as means + S0 (m = 3).

(D and E) ChiP-gPCH results of DCAF1 occupancy at HIV-1 LTR and downstream GFFP regions in E4 cells expressing shDOT1L and treated with or without TNFx
for 12 h (D} and in cells treated with EPZ5676, TNFa, or both (E). Data were nomalized to input and are shown as means + S0 (p = 3).

({F and G) ChiP-gPCH results of total RNAP distribution &t HIV-1 LTR and downstream GFP regions in E4 cells treated with EFZ56 76, TMF o, or both (F) and in cells
expressing shDCGAF1 with or without TMF= treatment (). Data were normalized to input and are shown s means + S0 jn = 3).

{H) The western blot assay examining the exogenous wild-type or mutant forms of HA-DCAF1 in HEK293T cells expreasing shDCAF1.

{I) Dual luciferase sssay results showing the transcription level of HIV-1 LTR in cells expressing shDCAF1 and the wild-type or mutant forms of DCAF1. The
luciferase activity in each type of cell was mormalized to the Renilla activity and presented as fold change compared to untreated wild-type cells. Data are ax-
pressed as maan + S0 {p = 3L FL: full-length wild type. *p < 0,05, “p < 0U01, and *~p < 0.001. ns: not significant. See also Figure 55 and Table 53.

induces the binding of DOTIL to the HIV-1 LTR, where it con-
ducts methylation of the downstream nucleosomes.

We next asked if DCAF1 is recruited to the HV-1 LTR in a
DOT1L/H3KT9me2-dependent manner or vice versa. By ChiP-
gPCR assays, we observed that DCAF1 occupancy at the LTR
and GFP loci were low during the latent state and remained un-
changed in DOTTL-deficient cells or following EPZ5676 treat-
ment (Figures 50 and 5E). Upon TMFz stimulation, however, a
significantly higher level of DCAF1 was recruited to the HIV-1

promoter, which was reversed by ablation of the expression or
the enzymatic activity of DOT1L (Figures 5D and 5E). In contrast,
the induced chromatin binding of DOT1L seemed to be unaf-
fected by blocking the expression of DCAF1 (Figure S5B). In
sum, these results indicate that TNFz induces the binding of
DOTIL to the HIV-1 LTR, which mediates the methylation of
H3K79 and endorses the recruitment of DCAFT.

We then explored how DOT1L and DCAF1 may modulate the
activity of total RNAPII. The ChiP-gPCR results showed that the

Coll Reports 43, 114368, July 23,2024 9
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Figure 6. DCAF1 mediabtes the ubiquitination of p65 and constrains its binding at the HIV-1 LTR

{A) immunofluorescence staining results of péS in B4 cells expressing shDCAF1 with or without TMFz treatment for 12 h (up) and representative zoom-in area from
the rectangle. Scale bar: 25 pm (up); scale bar: 7.5 pm (down). DAPI (blue); p6S (red).

(B and Cj ChiP-gPCH results of péS binding at the HIV-1 LTR and downstream GFP gene in E4 cells pretreated with EPZ5676 (B) or expressing shDCAF1
{C) followed by TNF= activation. Data were normalized to input and are shown as means + 50 (n = 3).

{0 immunoprecipitation of FLAG-pES in HEK293T cells overexpressing HA-DGAFT, FLAG-pES, and myc-ubiguitin, followed by western blot to examine the
ubiquitination level of FLAG-pE.

{E) immunoprecipitation of FLAG-p6S in HEK293T cells overexpressing myc-DICAF 1, FLAG-p6S, and HA-ubiquitin (wild type and mutants), followed by westem
blot to examine the ubiquitination level of FLAG-p&S.

flegend corfinued on next page)
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occupancy of RNAPI at the promoter and downstream coding re-
gion was significantly increased by TNFz treatment, suggesting
both the transcriptional initiation and elongation are induced for
the production of viral RNAs (Figures SF and 5G). Importantly,
EPZ5676 treatment and suppression of DCAF1 expression further
enhanced TNFz induced RMNAPI binding. Together with the
increased expression level of HIV genes (Figures 4D and 4E), the
induced RNAFPIN profile may be atiributed to a rise in total RNAPII
levels at these specific sites yet less likely to the shift of RNAPII
from an elongated to a paused state following DOT 1L inhibition.
Such an antagonistic role of the DOT1LH3K79me2/DCAFT axis
in ENAPI activity at HIV-1 LTR against TMFx mechanistically dif-
fiers from the role of DOT1L in leukemia.

Besides working as a component of the E3 ubiquitin ligase
complex, DCAF1 has been reported to harbor a kinase domain,
the function of which is implicated in transcription repression by
phosphorylating histone H2A at the T120 site.*" To explore the
mechanism of DCAF1 on HIV-1 transcriptional modulation in
more detail, an HIV luciferase reporter system was introduced
into HEK293T cells (see STAR Methods). In lineg with the above
results, depletion of DOTIL or DCAFT expression following
transfection of either small interfering RMA (siRNA) or shRMNA
significantly promoted Tat-induced HIV-1 reactivation (Figures
S5C-55E). We then generated several mutant DCAF1 expres-
sion vectors, including the K194R kinase-dead mutant*® and
Y5634 and PSB0ASYSEB4A mutant forms that lack the methyl
residual binding activity of the chromo domain in DCAF1,”
and we introduced them into shDCAF1-expressing cells
(Figures 5H and S5F). While exogenous expression of the full-
length DCAF1 completely reversed the induced luciferase
expression to the level seen in wild-type cells, two chromo
domain mutant proteins failed to do so, suggesting the associ-
ation of DCAF1 with H3K79me is necessary for antagonizing
HIV-1 reactivation. (Figure 5l). In contrast, expression of the
K184R kinase-dead mutant reversed the induced luciferase
activation to a level similar to that in cells expressing the full-
length DCAF1, therefore suggesting the kinase activity is not
required for DCAF1 to modulate the transcription of HIV-1
genes (Figure 5l).

DCAF1 constrains the NF-«B level at the LTR binding
sites

It has been reported that DCAF1 negatively regulates cellular im-
mune responses by preventing nuclear translocation of NF-xB
after activation.*” We tested this possibility by carefully exam-
ining the directed relocation of p65, a subunit of the NF-«B
dimer, in cells with or without DCAF1 expression. The amount
of p65 in the nucleus was significantly increased as early as
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05 to 1 h following TNFz treatment. The majority of nuclear
p6S returned to cytosol at 12 h post treatment (Figures 6A and
S6B). Importantly, no difference in the cytosolnucleus distribu-
tion of p65 in cells with or without DCAF1 expression was
observed at each time point, therefore excluding the possible
impact of DCAF1 on HIV-1 reactivation by mediating MF-<B nu-
clear translocation (Figures GA, S6A, and S6B).

As the NF-xB dimer is known to bind to the HIV LTR and acti-
vate gene expression,”” we next measured the abundance of
p&5 at the annotated NF-«<B binding sites within the LTR region,
which was indeed upregulated following TNFz stimulation and
further enhanced by EPZ5676 treatment (Figure 6B). Meanwhile,
we observed similar results in shDCAF1-expressing cells (Fig-
ure 6C). These data suggest that DOT1L/DCAFT counteracts
the HIV-1 reactivation by reducing the level of NF-xB at LTR (Fig-
ure 6C). We then sought to test if DCAF1 regulates p65 by
increasing its ubiquitination level. To do so, the myc-tagged
ubiquitin and FLAG-tagged p65 expression vectors were trans-
fected into HEKZ93T cells that express HA-DCAF1 via DOX in-
duction. The immunoprecipitation assay was performed to
show that DCAF1 interacts with p&5 (Figure 60). Moreover, the
ubigquitination lewel of immunoprecipitated p65 was markedhy
increased in cell: overexpressing DCAF1. To determine the
ubiquitin-linkage specificity, we transfected HEK293T cells
with myc-DCAF1, FLAG-p65, and HA-tagged wild-type ubiguitin
or one of its variants with a single lysine-arginine substitution at
one of seven lysine residues, namely, KER, K11R, K27R, K29R,
K33R, K4BR, and KB3R. Following the immunoprecipitation
with the FLAG antibody, we observed that K48R mutation
caused a significant loss of polyubiquitinated p6S signals, sug-
gesting that p65 ubiquitination mainly involves K48-linked poly-
ubiquitin chains (Figure GE). In accordance, we co-transfected
HEK293T cells overexpressing HA-DCAF1 with the myc-ubigui-
tin and FLAG-p65 expression vectors. Immunoprecipitation with
an anti-FLAG antibody followed by westermn blot assay with an
anti-ubiquitin K48 antibody further confirmed that p65 was linked
to ubigquitin by K48 lysine residues (Figure 6F). In sum, our data
suggest that DCAF1 functions to reduce the abundance of NF-
xB at the viral promoters, possibly by mediating the ubiquitina-
tion of NF-xB.

Given the combinatorial effects of TMFa and EPZ5676 on the
induction of C3 host gene (Figure 4F), we were next interested
in determining if the DOTIL/DCAF1/MF-B regulatory axis we
dissected is applied to C3 genes as well. To do so, we screencd
the promoter of all C3 genes and found that 24 out of 34 (70.6%)
contain the NF-xB binding sites (Figure S6C; Table 52). By
further filtering with the NF-«B target genes database (hitps://
esbl nhibi_nih_gov/Signaling-Pathways/MNF-kB-Targets/), five C3

{F) iImmunoprecipitation of ALAG-p6S in HEK293T cells overexpressing HA-DCAF1, FLAG-p65, and myc-ubiquitin, followed by western blot to examine the K43

ubiquitination level of FLAG-pBS.

{G and H) ChiP-gPCR results of p6S binding at promoters of two NF-<B target genes from G3 in B4 cells pretreated with EFZ56 16 (G) or expressing shDCAF
(H) followed by THFx activation. The promoter of GOAP1 and a randomiy picked intergenic region were included as non-specific controls. Data were normalized

to input and are shown as means + SD (p = 3).

() Dual luciferase assay results showing the NF-xB-luc activity of HEK293T cells expressing shDCAF1 and complemented with overexpressed wild-type or
muutant forms of DCAF 1. The firefly luciferasa activity reprasenting the NF-«B-luc activity was measured and normalized to Renilla. Data are presented a8 maan +
S0 jp = 3). FL: full-ength wild type; YS63A, PSS0AYSE84AC two chromo domain mutant forms of DCAFL. *p =< 0.058, =p = 0.01, and *~p = 0.001. See also

Figure 56 and Tables 52 and 53.
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genes were identified as known NF-xB target genes, namely
LTB, TNFAIP3, NFKBIA, BCL3, and RELB. We selected
NFKBIA, BCL3, GDAPT (a non-target gene), and an intergenic
region for the following study (Figure S6C).

In line with our findings at the HIV-1 LTR, the binding of DOT1L to
the promoter of NFKBIT and BCL3 was induced upon TMFa treat-
ment, yet no change was seenat the GDAPT-pro and intergenic re-
gion (Figure SE0). Although the association of DCAF1 with the pro-
moter of NFKBIT and BCL3 was substantially increased by TNFx
treatment, it was completely reversed by the ablation of DOT1L
expression or its enzymatic activity (Figures 56, S6E, and S6F)
Accordingly, TNFz-induced binding of p65 at two C3 genes was
further elevated by the treatment of EPZ5676 or the ablation of
DCAF1 expression (Figures 6G and 6H)L. To further examine if
DCAF1 modulates the activity of NF-xB on chromatin, we exam-
ined the NF-«<B luciferase activity in cells and indeed observed
that knockdown of DCAFT promoted TNFa induced reporter activ-
ity, which could be fully reversed by exogenously supplementing
wild-type but not the chromo domain mutant form of DCAF1 (Fig-
ure 6l). Gonsequently, the recruitment of RMNAPI to NFKBIT and
BCL3 promoters, but not to non-target and intergenic regions,
was significantly induced by TMFz in DCAF1 knockdown cells (Fig-
ure S6GE). These data suggest that DOTIL/DCAF1 axis plays
similar regulatory roles in NF-<B regulation at a subset of target
genes in host cells (see discussion).

DOT1L and DCAF1 repress the reactivation of HIV-1
upon LRA treatment

One of the prevailing challenges in treating AIDS is the latency
form of HIV provirus that leads to persistent HIV reservoir. *™"
Various strategies have been proposed to eliminate latent HIV-
containing cells, including the “shock and Kill” method that
uses L RAs to awaken the latent reservoir for the immune system
to recognize and eliminate the virus-containing cells.**"" We
next tested if EPZ5676 treatment leads to a synergistic effect
with existing LRA= on the “shock” step. Two widely tested
LRAs were tested in our study, including a PKC activator called
prostratin that activates the NF-kB pathway™ and bromodomain
inhibitor called JO1.%” Consistent with the above tests by TNFa,
treatment of prostratin significantly increased the number of
GFP-positive cells, which was further enhanced by DOX-
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induced ablation of DOT1L expression (Figures 7A-FC). Knock-
down of DCAF1 gave rise to the same trend in induced
GFP expression (Figures 7D-7F). Meanwhile, we combined
EPZ5676 and prostratin and found that the number of GFP cells
was significantly upregulated, too (Figures 57A and 57B). We
applied the JO1 treatment to shDOT1L- or shDCAF1-expressing
cells, and we observed similar synergistic effects (Figures 57C~
57F). These results together suggest that DOTIL and DCAF1
may be targeted together with curmently used LRAs for synergis-
tic HIV-1 reactivation.

To evaluate the role of OT1L and DCAF1 in regulating HIV-1
reactivation with more clinical relevance, we infected CD4'
T cells isolated from PBMC cells of two healthy donors with
the HIV-1 luciferase reporter viruses (Figure 7G). After the cells
returned to the resting period, they were infected with shDOTIL
and shDCAF1 viruses (Figure TH) and activated by either TNFz or
prostratin. The results of the luciferase activity assay showed
that depletion of either DOTIL or DCAFT markedly enhanced
the HIV-1 reactivation level compared with the shNC control
group (Figures 71, 7d, 57G, and S7H). The real-time gPCRH exam-
ination on the expression of the HIV-1 gag gene further
confirmmed the luciferase assay results (Figures 7K, 7L, 571, and
S7J). In sum, these data with primary CD4' T cells suggest
that DOT1L and DCAF1 are two potential targets of new therapy
designs for HIV patients.

DISCUSESION

The challenge in identifying factors associated with HIK79me is
that this residue is embedded in the nuclecsome core region.
Potential binding proteins and readers may need special struc-
tural fitness or assistance from other factors to recognize this
region.”"*" It was recently reported that nucleosome assembly
followed by pull-down assay well mimics the natural condition
for identifying genuine binding proteins ™ On the other hand,
our strategy of using peptides containing H3K79 residue with
various methyl groups can maximally differentiate the binding
preference for each methyl group and cancel non-specifically
associated proteins from the assay.

Indeed, the inclusion of known H3K79me-associated proteins,
such as CBXEB, NELFE, and MENT1, in our data supports the

Figure 7. DOTIL and DCAF1 repress the reactivation of HIV-1 upon LRA treatment

{A—C) Flow cytometry results showing percentages of GFP-positive B4 cells expressing shNC, shDOTIL-1, or shDOT1L-2, respectively, at latency or upon
reactivation by prostratin treatment (1 pM, 16 h) (A). Quantification of GFP-positive cells is presented as means = S0 {n = 3) (B), and the protein levels of DOTIL
and GFP were axamined by westarn blot (C). H3 was used as a control for H3K MMme?_ Represantative results of three taechnical repeats from at least three
repreducible experiments are shown for (A) and (B).

{D—F) Flow cytometry results showing percentages of GFP-positive E4 cells expressing shNC, shDCAF1-1, or shDCAF1-2, respectively, at latency or upon
reactivation by prostratin treatment (0. Cuantification of GFP-positive cells is presented as means + S0 {n = 3) (E), and the protein levels of DGAF 1 and GFP were
examined by western blot (F). Representative results of three technical repeats from at keast three reproducible experiments are shown for (0} and (E).

{G) Schematic representation of HIV-1,, , - luciferase reporter and exparmental procedure for primary CD4* T cells from healthy donors followed by THFo!
{H) Real-time gPCR validation of DOT 1L and DCAF1 gene expression in primary CO4" T cells expressing shDOT1L or shDCAF.

{1 and Jj Luciferase activity detected upon TNFaz () or prostratin (J) activation in GD4* HIV-1-infected cells expressing shDOT 1L ar shDGAFT .

(K and L) HIV-1 gag mRMNA expression levels were detected upon ThFa (K) or prostratin (L) activation in CD4* HIV-1-infected cells. Data were nomalized to shMG
and are shown as means + 50 (i = 4).

(M) The model of a negative feedback loop for DOTIL to modulate HIV-1 reactivation. DOTIL in association with DGAF1 is recruited to HIV-1 LTR upon re-
activation by MF-«B and mediates methylation at H3K./9 sites, which may enhance DCAF1 occupancy at LTR. Recruited DCAF1 promotes ubiguitination of
NF-«B and constrains its level at LTR and expression of HIV genes. Blocking DOTIL or DCAFT in combination with LARA can promote HIV-1 reactivation.
*=p = (.05, *~p = 0.001. See aleo Figure 57 and Table 53.
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efficacy of our method. ™ ** Moreover, our data reveal numerous
proteins  preferentially associated with H3IK/Ome2 or
H3KT9me3, reminiscent of the differential genomic distribution
of these two epigenetic marks and possibly distinct func-
tions."* " Many proteins associated with H3K79me?2 belong to
several complexes in transcriptional regulation. More interest-
ingly, it has been shown that DOTIL is associated with
BNAPIL' ™" In other studies, a potential link between DOTIL
and Tat was proposed as well.™ It will be interesting in future
studies to clarify how DOTIL is specifically recruited to the HIV
locus and mediates transcriptional activity, together with
H3K79me2 and other associated factors.

DCAF1 mediates the phosphorylation and ubiguitination of
substrates involved in transcription.”**" It drives epigenetic
silencing and oncogenic transformation by phosphorylating his-
tone H2A at T120 and EZH2 at T367 in colon cancer.*™™ In
U205 cells, MDM2 {murine double minute 2) interacts with
DCAF1, the deletion of which drastically suppresses the
MDM2-mediated p53 polyubiguitination and degradation.”
Consistently, knockdown of DCAF1 leads to enhanced recruit-
ment of p53 to chromatin in prostate cancer cells."' During
HIV-1 infection, Vpr activates the host CRL4-DCAF1 E3 ligase
to degrade the histone deacetylase SIRTZ.* I also induces
the degradation of two transcriptional regulators ZIP and sZIP
by hijacking DCAF1.* Our findings here have revealed a nega-
tive feedback role of DCAF1 in repressing NF-xB-induced viral
and non-viral genes at host genomic sites that are determined
by DOTIL (Figure 7M), suggesting that the function of IkBa in
clearing NF-«B from the nucleus may work in conjunction with
DCAF1-mediated ubiguitination. These findings indicate the
functional diversity of DGAF1 is determined by its association
with various binding partners. Further investigation into the spe-
cific mechanism by which DCAF1 targets MF-<B for ubiquitina-
tion and clearance would be of great interest.

Feedback regulation iz an important balancing mechanism
for dymamic biological processes to maintain homeostasis in
response to varable environmental conditions. A previous study
has shown that at the transcriptional initiation stage, low levels
of nascent AMNAs tend to form condensates in cells, whereas
high levels of RNA synthesis impede condensate formation and
local transcription.™ Interestingly, we previously discovered that
an RNA-binding protein RBFox2 is recruited to near-gene pro-
moters via nascent RNAs and represses transcription by medi-
ating global PRCZ targeting.”* Recently, it was reported that
many transcription factors bind RNAs through previously unrec-
ognized domains or peptide seq.lermu"' Regarding the regula-
tion of HIV-1 gene expression, it is worth mentioning DOT1LS
DCAF1 axis functions not only for HIV-1 reactivation but also for
the maintenance stage when TNFz stimulation is removed. Such
observations indicate the feedback role mediated by DOTILS
DCAF1 may not be restricted to NF-«B, and other DCAF1 targets
may exist as well, which wait for further investigation.

Administration of an LRA alone usually leads to unsatisfactony
and inefficient reactivation of the HIV gene, due to variable re-
sponses to the reagent among individual patients and differences
in cell or tissue types.™ ™ To tackle this issue, several studies
hawve examined the combination of various LRA regulatory targets
to trigger latent viral transcription in multiple cell types and com-
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pariments, followed by immunotherapy to maximize the clearance
of the latent viral reservoir."** On the other hand, as the cellular
response to HIV reactivation is not fully understood, a continuation
of mechanistic studies aiming to identify new LRA targets is
needed. EPZ5676 is a potent inhibitor of DOTIL, and its safety,
tolerability, pharmacokinetics, pharmacodynamics, and anti-leu-
kemia activity in relapsedfrefractory adult leukemia patients
have been extensively evaluated. ™ Therefore, the synergistic ef-
fect of EPZ5676 together with prostratin or JO1 we observed in
cell models warrants further evaluation of these combination rec-
ipes in more clinically relevant settings for HIV therapy.

More intriguingly, the main rationale behind the development
of new LRAs for the “shock and kill” strategy is to promote the
reactivation of the HIV genome, by either inducing gene expres-
sion with NF-xB pathway activators®™ or removing molecular
hurdles that maintain the latency state, with HDAC inhibitors,
JO1, and SMAC mimetics.”" From a new perspective, our
work indicates that wpon HIV reactivation, host cells may
respond to initiate inherent regulatory mechanisms to antago-
nize such harmmful viral activities. This finding provides an alterna-
tive explanation for the lack of effectiveness of current LRAs
used as a single reagent. Moreover, we demonstrate here that
by deactivating thiz= host defense system, synergistic effects
on HIV reactivation are expected when combined with known
activators. By continuing to elucidate the molecular components
of the negative feedback mechanisms during HIV reactivation,
the new drug combination with the two-pronged approach
may enable more comprehensive and efficient viral induction
and clearance in the future.

Limitations of the study

Several limitations exist. The peptide pull-down assay for
analyzing H3K73 methylated proteins was performed under a
less natural condition than the nuclecsome-based interaction as-
says; therefore, any candidate proteins in the association list of our
proteomics data that are of interest for future studies need to be
validated in vive. Moreover, while we have identified that DCAF1
is associated with both DOTIL and H3K79me2, what exactly are
the molecular basis and chain reactions for DOTIL to bind to
DCAF1 and facilitate its recruitment to chromatin, where the
H3K79 is methylated, remain elusive. Interestingly, although our
data indicate that DCAF1 represses the HIV reactivation in
response to TNFz through antagonizing MF-<B binding at LTR, it
has a similar role in response to JO1, which induces HIV reactiva-
tion independent of NF-xB signaling. Such an observation sug-
gests an altemative regulatory mechanism by DCAF1 waits for
further exploration. Lastly, we only tested the effect of DOTIL
and DCAF1 in primary cells from two patients. It is known that
HIV infection is linked to heterogeneous pathologies among pa-
tients, necessitating further validation with an expanded sample
size of patients.
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Antibodies

MELFE Proteintech Cat#10705-1-AF; RRID:AE 513966
CPSF& abclonal Cat#AS363; RRIDCAB 2TGE6E8
GPSF3L abclonal Cat#ABS6E; RRID:AB 2767160
CBX8 abclonal Cat#AGZ22; RRIDCAB 2766831
DCAF1 Proteintech Cat#11612-1-AF; RRID:AB 2216933
MEDZ3 abclonal Cat#A10163; RRID-AB 2757631
INTS9 abclonal Cat#A4847; RRIDCAB 2765902
Mucleolin Proteintech Cat#10556-1-AF; RRID:AE 2082423
H3 abclonal Cat#A2348; RRIDGAB 2631273

H3 abcam Cat #ab1791 RRIC: AB 302613
Men1 Proteintech Cat#15159-1-APF; RRID:AE 2250607
LamB1 Proteintech Cat#67705-1-lg; RRID-AB 2BE2B06
GFP abclonal Cat#AED1Z; RRID:-AB 2770402
actin abclonal Cat#A231%; RRID:AB 2862994
GAPDH abclonal Cat#AC035; RRID-AB 2760863
Tubulin abclonal Cat#ACD12; RRID-AB 2768341
DOTIL (D1WAZ) CST Cat#7T0875; RRID-AB 2799889
DOTIL abcam Cat#ab72454; RRID-AB 1269271
H3KTOme2 abcam Cat#ab3594; RRID:AB 303937
RApb1 NTD (DBLAY) CS8T Cat#143585; RRID-AB 2687ETE
DDB1 abcam Cat#ab109027; RRID:AB 10853111
MF-£B p&S (D14E12) XP Rabbit mAb GST Cat#3242; RRID-AB 10853369
CHDB Proteintech Cat#29783-1-AF; RRID:AB 2918347
Ha Millipore Sigma Cat#H3663; RRID-AB 262051

Flag sigma Cat#F1804; RRID:AB 262044
myc{IE10) Santa Cruz Cat#sc-40; RRID:AB 627268
Anti-Ubiguitin (inkage-specific K48) Abcam Cat# ab140601; RRID-AB Z7E3TOT
HRAP-conjugated Goat Anti-Rabbit IgG Heavy Chain abclonal Cat#ASDE3; RRID:AB 2864057
HRAP-conjugated Goat Anti-Mouse IgG Heavy Chain abclonal Cat#AS0E4; RRID:AB 2864058
HRAP-conjugated Goat Anti-Mouse IgG Light Chain abclonal Cat#A25012; RRID-AB 2737290
HRAP Goat Anti-Rabbit Ig& (H + L) abclonal Cat#AS014; RRIO-AB 2769854
HRAP Goat Anti-Mouse IgE (H + L) abclonal Cat#AS003; RRID-AB 2763851
Alexa Auor 488 Goat anti-rabbit Invitrogen Cat#A-11008; RRID-AB 143165
Alexca Auor 584 Goat anti-mouse Invitrogen Cat#A-11005; ARID:-AB 2534073
Alexa FAuor 594 Goat anti-rabibit Invitrogen Cat#A-11012; RRID-AB 2534079
Chemicals, peptides, and recombinant proteins

THFu Peprotech 300-01A

J selleck 57110

Prostratin Sigma-Aldrich B0857-08-1

Pinometostat (EPZ5676) selleck 57062

Doxycycline hyclate Yeasen CAS 24390-14-5

Formic acid Thermo Fisher Scientific A117-50

oTT Thermo Fisher Pierce 20291
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lodoacetamide (1AA) Sigma-Aldrich 1M149-5G

Acatonitrile{ACM]) Themmo Fisher Scientific Ag554

Trypsin Promega vs111

Critical commercial assays

Dual-Luciferase® Reporter Assay Systemn Promega E1810;

TRzl ™ Imvitrogen ™ 15506026

High purity plasmid small extract medium dose kit TianGen DP107

05 mutagenesis kit MNEB Cat #E05525

2% MultiF Seamless Assembly Mix Abclonal RE21020

Deposited data

Mass spectrometry enriched protein list This manuscript Table 51

Mass spectrometry data This manuscript OMIXDDE500

RMA-seq This manuscript GEA-Human: HRADDSSTS

Experimental models: Cell lines

HEK293T, Hurmman, Epithelial Kidney Cells ATCC CRL-3216, RRID: CVCL DDE3

Jurkat E4, derived from Jurkat cells Ru et al., Pearson at al.*"* MN/A

Jurkat 2010, derived from Jurkat cells Ru et al., Pearson at al.*"* M/A

Primary CD4* T cells Milestone® Biotechnologies N/A

Experimental models: Organismsdstrains

Trans10 Chemically Competent Cell TransGen Biotech coioi-01

TransSa Chemically Competent Cell TransGen Biotech cD201-01

TransStbl3 Chemically Competent Cell TransGen Biotech CDs21-01

Oigonucieotides

1#=iDCAF-F GenePharma GCGACUCAUUCUCCAALALTT

1#=iDCAF1-R GenePharma AUAUUGEAGAAGAGUCGECTT

28=iDCAF-F GenePharma GGAGGGAAUUDGUCGAGAALITT

28=iDCAF-R GenePharma AUUCUCGACAALCCCUCCTT

1#=iDOTIL F GenePharma GCUGCCGEUCUACGALIAAATT

1#=iDOTIL1 R GenePharma UUUAUCGUAGACCGGCAGCTT

2&=iDot1l -2 F GenePharma CGCCAACACGAGTGTTATATTTT

2&iDot1l -2 R GenePharma BATATAACACTCETGTIGECGE

siMC-F GenePharma UUCUCCEAACGUGLICACGU

siNCG-R GenePharma ACGUGACACGUUCGGEAGAA

shDOT1L-1 TRCHOD00020209 CCGGECGCCAACACGAGTGTTATA
TTCTCGAGAATATAACACTCG
TETTGGCGETTTITG

shDOT1L-2 This manuwescript CCGGCGAGTGTTATATTTGTGA
ATACTCGAGTATTCACAAATAT
BACACTCGTTTITG

shDCAF-1 TRCMNODOO01 29909 CCGGGECTEAGAATACTCTTCAA
GAACTCGAGTTCTTGAAGAGT
ATTCTCAGCTTITIG

shDCAF1-1 TRCMOODOO01 29579 CCGGCCTCCCATTCTTCTGCE
TTTACTCGAGTAAAGGCAGA
AGAATGEGEAGGETTITIG

shDCAF1-2 This manuwescript CCEGECGAGAAACTGAGTCAAA
TGAACTCGAGTTCATTTGACTC
AGTTTCTCGETTITTITG

{Confinued on next page)
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shiNC This manuscript COGGCAACAAGATGAAGAGCA
CCAACTCGAGTTGGTGCTCTT
CATCTTGTTGTTITITG

Clone and ChiP-gPCR primers Table 53 NiA

gRT-PCR primers Table 53 NiA

Recombinant DMNA

Tet-on-plko.1 addgens RRID-Addgena 21915

pCWSET-MCE1-2A-MC52 Adam Karpf™ RRID-Addgena 71782

PLVX-shRMA-Puro OLUIG0BED Company NfA

pCMV-myc Youbio Compamny MNFA

ubiguitin mutant plasmids Youbao Company MNFA

Software and algorithmes

Flowjo- VA0 BD Biosciences hittps:/Mowjo.bectondickinson.cn

Graphpad prism 8 Graphpad hittpes:/fwww graphpad-prism.cn’

Image.J Mational Institutes of Health (MIH) hitpsz//imagej.net'software/imagey’

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Liang Chen
(liang_chen@whu.edu.cn).

Materials availability
Allunique/stable reagents generated in this study are available from the lead contact with a completed Materials Transfer Agreement.

Data and code availability
# RBNAseq data have been deposited at Gene Expression Omnibus (GEQ): GSE (GSA-Human: HRADDS9T5). Mass spectrometry
proteomic data also have been deposited in the Open Archive for Miscellaneous Data (OMEX: OMEX006500) with https2/ngdc.
cnch ac_cnfomie.
& This paper does not report onginal code.
& Any additional information required to reanalyze the data reported in this work is available from the lead contact upon request

EXPERIMENTAL MODEL AND STUDY PARTICIFANT DETAILS

Cell lines

Jurkat E4 and 2010 cells were cultured in BPMI 1640 (Gibco, C11875500BT) with 10%: fetal bovine serum (FBS) (Gibco, 10110154) and
1% penicilin/streptomycin (Gibco, 15140-122) in a 37 °C incubator containing 5% CO.. HEK293T cells were cultured in DMEM (Gibco,
C11995500BT), supplemented with 10% fetal calf serum (ExCell Bio, FSP500) and 1% penicillin/streptomycin (Gibcao) in a 37 “C incu-
bator containing 5% CO.. The E4 and 2010 cells were gifts from Dr. Deging Hu and Dr. Jonathan Karn. Two healthy donors provided the
CD4' T cells, which were obtained from the Milestone Biological Science & Technology Co., Lid. Primate CD4* T cells were cultured in
RPMI 1640, which was enhanced with 1% penicilin/streptomycin, 10% FBS, 2.0 mM L-glutamine, and IL-2 (100 W/ml, Sino Biological,
GMP-11848-HNAE).

METHOD DETAILS

Plasmid construction and screening of stable cell lines

The pRenilla-luciferase, pcDMNA-Tat, and HIV-1 LTR-luciferase exressing vectors were gifts from Dr Deging Hu. The Tet-on-
pLKO.1 shEMNA-expressing lentiviral vector was purchased from Sigma-Aldrich, and the one containing a scrambled shENA was
used as the control in this study. ShDOTIL-1 (TRCNDODDD20209), shDOT1L-2 (5'-3" CGAGTGTTATATTTGTGAATA), shDCAF1-1
(TRCNO000129909; TRCND00OD129579), shDCGAF1-2 (5'-3' CGAGAAACTGAGTCAAATGAA). pCWST-MCS51-2A-MCS52 was a gift
from Adam Karpf (Addgene plasmid # 71782; hitp-//n2t.net/addgens: 71782; RRID:Addgene 71782)." Specifically, for preparation
of the shRNA containing lentivirus and infection, the Tet-on-pLKO .1 vector was co-transfected with psPAX2 and pMD2G vectors into
HEK293T cells. Supermnatants wera collected at 48 and 72 h after transfection and filtered through a 0.45 pm filter. To generate stable
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cell ines, target cells were infected with freshly generated supematants containing vinus particles with specific shENAs or empty vec-
tors. Polybrene (10 pg/ml) was added during the infection. Two days later, cells were selected with puromycin (2 pg/mlL; Sigma) for
14 days and positive clones were tested by Western blotting. The antibody and reagents are listed in Table 53, Gell lines stably
expressing HA-DOTIL and HA-DCAF1 were constructed following similar viral preparation and infection protocols, using the
pCW-HA-DOT1L or pCW-HA-DOT 1L viral vectors. Primers used for plasmid construction are shown in Table 53,

RNA interference

DOTIL and DCAF1 siRNAs were purchased from GenePharma (Shanghai, China). Control siNC and target gene sequences are
shown in Table 53, Lipofectamine RMNAIMAX Transfection Reagent (Invitrogen, Garlsbad, CA, USA) was used to transfect siRNAs
into HEK293T cells according to the manufacturer's instructions. For instance, We first transfected HEK293T cells with 10 pmol
siDOT1L-1 or 10 pmol siDOT1L-2 in one well of a 24-well plate for 12 h. Next, the medium was replaced with fresh medium. Cells
were harvested 48h after transfection for further assays. Primer sequences are listed in the ey resources table.

Cell viability assays

Cell viability was monitored using the CCK-8 Cell Counting Kit (4311, Vazyme Biotech Co., Lid) following the manufacturer's instruc-
tions. In brief, Jurkat cells treated with DOX, EPZ5676, or TNFz were seeded in 936-well plates in RPMI-1640 medium containing 10%
FBS at an equal density of 2% 10* cells/well. Subsequently, 10 pl of CCKS reagent was added to each well and incubated at 37°C for
2 h. Slightly different, the HEK293T cells need to be seeded in a 96-well plate at a density of 1x10* cells and cultured for 24 h. The
following day, 100 pL of fresh DMEM medium should be replaced, followed by the addition of 10 pL of CCKS. Finally, absorbance was
measured at 450 nm using a Microporous Plate Detecting Instrument (Cytation3, BioTek).

Mas=s spectrometry sample preparation

The LC-MS/MS analysis was conducted using the Mass spectrometry platform at Wuhan University. HEK293T cells were subjected
to nuclear and cytoplasmic separation. The nucleus was then lyeed and the resulting supernatant was collected. Dynabead MyOne
Streptavidin C1 beads (65002, Invitrogen) wene mixed with the supematant for incubation at 4 C for 2 h to eliminate background noise
and recover the supematant. Meanwhile, freshly washed C1 beads were mixed with peptides with different numbers of methyl
groups and incubated at 4°C for 4 h. The beads were subsequently washed, mixed with the nucleoplasm supernatant and incubated
overnight at 4°C on a rotator. A portion of beads were eluted with SDS-PAGE loading buffer and subjected to silver staining for check-
ing the eluted proteins. The rest of the beads were eluted for mass spectrometry experiments. The eluted protein samples were
loaded onto the SDS-PAGE gel, after the bromophenol blue sample moved into the separation gel, the electrophoresis was stopped
after 5 to 10 min, or until the bromophenol blue had moved 0.5 cm into the gel. Sliced the unstained SDS-PAGE gel into 1 mm™ cubes
and then digested by in-gel trypic digestion strategy. The gel pieces were reduced by 10 mM DTT at 56°C for 60 min and then alky-
lated with 55 mM iodoacetamide at room temperature for 45 min in the dark. The mixture was supplemented with trypsin at a final
concentration of 5 ng/pl and incubated overnight at 37°C. Peptides were extracted from the gel pieces and desalted in a house-

made stage-tip then dried using a speedvac to complete dryness.

Mano LC-MS/MS analysis

Mano-liquid chromatography tandem mass spectrometry (Nano-LG/MS'MS) was performed on a Thermo Scientific Q Exactive HF
Orbitrap mass spectrometer. Peptides were separated on a C18-reversed phase column (25 cm long, 75 pm inner diameter) packed
in-house with ReproSil-Pur C18-A0 resin. The HPLC gradient was as follows: 2-5% Solvent B (0.1% formic acid in acetonitrile) over
3 min, 5-35% B over 40 min, 35-44% B over 5 min, 44-90% B over 2 min, 90% B for 10 min at a flow-rate of 200 nL'min. Acquisition
was performed in data-dependent acquisition (DDA) mode, and full MS scans with 1-micro scans at a 60,000 resolution were used
over a mass range of m/z 350-1600 with detection in the Orbitrap. Automnatic gain control (A&GC) was set to 1x 10°, with dynamic
exclusion (25 s) and charge state filtering enabled to remove ungualified singly charged peptides. After each scan, the 25 most abun-
dant precursor ions were sequentially selected for HCD (Higher Energy Collision Induced Dissociation) fragmentation and MS/MS
acquisition at 15,000 resolutions. HCD normalized collision energy (MCE) was set at 28%.

Mass spectrometry database searching

The raw data were processed and searched against the UniProt protein database (Homo sapiens) using Proteome Discoverer 2.1
(Thermmo Scientific) software. Trypsin was chosen as specific enzyme, with two maximum missed cleavages allowed. The mass toler-
ance was 10 ppm and the MS/MS mass tolerance was 0.020a. Peptides were filtered by 1% false discovery rate (FDF). Proteins were
identified with at least 1 unique peptide with 1% FDR.

Mass spectrometry ternary graph analysis

The temary graph was plotted according to Table 51 to show the distribution of specific recognition proteins of short peptides modi-

fied by different methylations of H3KT9 (the colored dots indicated obvious enrichment, enrichment ratio = 3, p value < 0.03).
Specifically, the amount of each protein for each sample in triplicate was converted to a log2 value. The average value obtained

from three sample repeats for a short peptide was compared to that for Random22, namely, the fold Change log2. If the fold
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Change log2 value for a protein with a short peptide was greater than or equal to 3 and the p-value is less than or equal to 0.05, we
consider that this protein is significantly associated with that peptide.

After screening significantly associated proteins foreach peptide, the comparison between modified peptides will be conducted. If
the relative fold Change log2 value of a protein with one modified peptide (for example, peptide A) is three times larger than the value
of the protein with another modified peptide (for example, peptide B}, this protein will be considered a significantly enriched protein
for modified peptide A, otherwise it will be defined as a protein enriched for both modified peptide (A and B)L

Co-immunoprecipitation

Cells were collected and disrupted using IP lysis buffer (25 mM Tris, pH 7.4, 150 mM NaCl, 0.5% NP-40, 5% Glycerol, TmM EDTA)
containing 1 mM PMSF and a protease inhibitor cocktail (Roche), followed by sonication (High power, 30 s sonication and 30 s
rest). A fraction of the lysate was reserved as an input reference. Simultaneocusly, Protein A/G beads were incubated with either
4 pg of specific antibody or anti-lgG for 4 h at 4 “C and then washed three times with PES/BSA. The remaining lysate was
subsequently combined with the antibody-bound Protein A/G beads and incubated owvemight at 4 “C on a rotating platform.
Afterward, the beads were washed four times with wash buffer (50 mM Tris, pH 7.4, 300 mM NaCl, 1% NP-40, 0.5 mM PMSF,
protease inhibitor cocktail) at 4 “C. After discarding the supernatant, the beads were resuspended in 40 pl 1x SDS loading buffer
and heated at 100 “C for 10 min, followed by western blot analysis. Images were taken by a Chemiluminescence image system
(Tanon 5200).

Flow cytometry

Cells were washed twice with ice-cold PBS, pelleted by centrifugation, re-suspended, and then incubated on ice for 10 min in pre-
cooled fluorescence-activated cell sorting FACS buffer (PBS and 3% FBS) supplemented with 4',6-diamidino-2-phemylindole
(250 ng/=ample). d2EGFP fluorescent signal in E4 or 2010 cells with or without treatment were measured. Cell cycle stage was deter-
mined using flow cytometry. Cells were resuspended in 1 mL 70% ethanol (in phosphate-buffered saline; PBS) overnight at 4°C. Cells
were collected by centrifugation (500 x g, 5 min, 4°C), washed once in PBS, resuspended in 500 pl PBS containing propidium iodide
(5 pg/mL) and RMase A (0.1 mg/mL), incubated in dark for 30min (37°C). Cells were filtered through a 400-mesh screen and examined.
All experiments were detected by flow cytometry CytoFlex and analyzed by FlowJo V10 software.

Luciferase assay

HEK293T cells were seeded in a 48-well cell culture plate. For siRNA transfection induced knockdown of target genes, cells were
transfected with siEMA for 6 h, using Lipofectamine 2000 according to the manufacturer's instructions (Life Technologies). The
reaction was stopped by changing with fresh medium. 48 h after transfection, cells were transiently co-transfected with
pcDMA-Tat (10 ng/well), HIV LTR-Luciferase (50 ng/well) and pTK-Renilla (5 ng/well) vectors. 36 h later, cells were lysed in
100 pl of passive lysis buffer. The firefly and renilla luciferase activity were measured with the Dual-Luciferase Reporter Assay
Systemn (Promega). Before companson between samples, the relative firefly luciferase activity was determined by normalizing
its absolute value to that for the Renilla activity. The siRNA or shRNA induced alteration of the luciferase activity were calculated
as the fold change of Luciferase/Renilla ratio for the treatment group compared to that of the untreated control. In the dual lucif-
erase assays for mutant DCAF1 expressing cells, doxycycling (DOX)-induced ablation of DCAFT gene was performed two days
before co-transfection of the DCAF1 expression vector (wild-type or mutants, 250 ng/well) and the Tat/Luciferase/Renilla plasmid
mixtures. Three independent transfection experiments were performed to guarantee reproducibility, each of which was performed
with three technical repeats.

Chromatin immunoprecipitation

ChiP assays were carried out following protocol. ™ In brief, 12107 cells were cross-linked for 10 min at room temperature with 1%
formaldehyde and then quenched with 0.125 M glycine for 15 min at noom temperature. Cells were washed three times in cold PBS
before being resuspended in cell lysis buffer (10 mM Tris-HCI pH 8.0, 10 mM MaCl, 0.5% NP-40 and 1 % protease inhibitor cocktail).
Muclei were pelleted at 600g for 5 min at 4°C and resuspended in a nuclei lysis buffer (S0 mM Tris-HCI pH 8.0, 10 mM EDTA, 1% SDS
and 1x protease inhibitor cocktail) and then incubated on ice for 10 min. Sonication was used to shear chromatin DMNA to a size of
100-600 bp and 5% of nuclear lysate was saved as input control, 85% of nuclear ly=ate diluted in the final concentration of 1% Triton
X-100, 0.1% =odium deoxycholate and 1= proteinase inhibitor cocktail and was subjected to immunoprecipitation with antibody
coupled beads. After immunoprecipitation, beads were washed in low salt buffer (20 mM Tris-HCI pH 8.0, 150 mM NaCl, 2 mM
EDTA, 0.1% SDS, and 1% Triton X-100, 1=protease inhibitor cocktail), high salt (20 mM Tris-HCI pH 8.0, 500 mM NaCl, 2 mM
EDTA, 0.1% SDS, and 1% Triton X-100, 1xprotease inhibitor cocktail), LiCl buffer (10 mM Tris-HCI pH 8.0, 0.25 M LICl, 1%
MP-40, and 1% =sodium deoxycholate), and TE (Tris EDTA) buffer. Beads were eluted elution buffer and treated with RNase A at
337G for 30 min. Cross-linking was reversed, and proteins were degraded by adding proteinase K and incubated at 55°C for 4 h.
Eluted DNA was purified and used for gPCR analysis.
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HIV-1 reactivation in healthy donors’ primary CD4* T cells

We obtained isolated primary CD4' T cells from two healthy donors (Milestone Biological Science & Technology Co., Ltd). Isolated
CD4' T cells were seeded in a 96-well flat-bottom plate at a density of 3 % 10% per well in 150 pl of complete growth medium. CD4*
T cells were activated for 48 hwith 200 IU IL-2 and ImmunoCult Human CD3/C0D28 T cell Activator (STEMCELL Technologies, 10791),
and then transduced with pseudotyped HIV-15 a4 uciterase Viruses. After that, culture the cells until they retumn to a resting state. To
facilitate experimental manipulation in primary CD4* T cells, we constructed constitutive plasmids pLVX-shDOT1L-1/shDOT1L-2,
pLVX-shDCAF1-1/shDCAF1-2 and pLWX-shNC. The second generation lentivirus packaging system was used for generate lenti-
virus. On day 10, cells were infected with either the shDOT 1L or shDCAF1 lentivirus. After 10 h, 2 pg/mL puromycin was used to sepa-
rate the infected and uninfected CD4* T cells. Two days later, either TMFz (10 ng/mL) or Prostratin (0.5 pM, 16 h) were used to activate
latently infected CD4* T cells. Luciferase activity and HIV-1 gag mRAMA expression were detected using the Cytation3 microplate
reader (BioTek) and CFX connect Real-Time PCR detection System (Bio-Had) instruments.

RMNA sequencing

Total RMA was isolated using TRIzol Reagent according to the manufacturer's instructions. RMA-seq library was constructed with
MGIEasy RNA Library Prep kit (Cat. Mo. 1000006383). Briefly, mRNA was captured by adding VAHTS mRNA capture beads to a total
of 200 ng RNA, and fragmented to around 250 bp in fragmentation buffer at 87°C for 6 min. Then, reverse transcription mixture and
second strand synthesis mixture were successively added to the fragmentation preduct to generate first strand and second strand of
cDNA. The double strand cDMNA was purified, fragmented, end-repaired, adapter-ligated and amplified according to the protocol pro-
vided by the manufacturer. The yield was circularized to prepare single-strand DMNA circle (ssDNA circle) after passing the quality
control by Qubit 4.0 Fluorometer (Invitrogen) for concentration measurement and HS DNA chip biocanalyzer (Agilent) for size distri-
bution analysis. ssDNA circle was amplified to generate DNA nanoballs (DMBs) by rolling circle replication to strengthen the fluores-
cent signals. Then, the DNBs were loaded onto the flowcell, and data of pair-end reads of 100 bp were generated by the DNBSEQ-T1
platform.

RMA-sequencing analysis

The differentially expressed genes (DEGs) between vehicle (DMS0) and EPZ5676-treated cells were detected by the DESeqg2
package, based on the analysis criteria of = 2-fold change in expression and a false discovery rate of 0.05. The Gene Ontology
(G0} analysis of DEGs was performed by clusterProfiler package.

RT-gPCR analysis

For RNA extraction, cell pellets were resuspended in 1 mbL of TRIzol reagent (Invitrogen) and the RNA was purified as recommended
by the manufacturer. Reverse transcription was performed using the HiScript 1| @ RT SuperMix for gPCR {(+gDMNA wiper, R223-01)
from Vazyme. PCR was performed using SYBR green PCR master mix (Vazyme, g311) and specific primers.

Confocal immunoflucrescence microscopy

For mmunofluorescence staining, after cell density reaches a density of 85%, remove the culture medium, wash the cells with PBS,
add 4% paraformaldehyde, and shake at room temperature for 15 min to fix the celis. Next, remove the fixative and add an equal
volume of Triton X-100 containing 0.5% PBS, penetrate the cells for 5 min, and then remowve the fixative. Add blocking solution
containing 1% BSA in PBST, block at room temperature for 1 h. Followed by, the cells were then stained for 2 h at room temperature
with o-p8B5, 2-DOT1L or «-HA antibodies and then washed with PBST. Finally, cells were incubated with Alexa Fluor 594-conjugated
secondary a-mouse antibody (1:1000 dilution; Invitrogen). Muclei were stained with DAPI {1 pg/mL in 1x PBES). The images were re-
corded using the Zeiss Pascal laser scanning confocal microscope (Leica TCS SPB).

QUANTIFICATION AND STATISTICAL ANALYSIS
All data represent the results from three independent experiments. Statistical analyses were performed with Graphpad Prizsm 8.0 soft-
ware and presented as mean + SD. The t test was used for comparison between Two groups, One-way ANOVA was used for

comparison between maore than two groups, and two-way ANOVA was used for comparison between two conditions. Significant
differences were set at “p < 0,05, “p = 0.01, and **“p = 0.001 and ns indicates no significant difference.
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Figure 51. The GO analysis and validation of H3K79me associated proteins.

Related to Figure 1.

(A) Two biological replicates of silver staining gel results of peptide pull-down assavs.
(B) GO ennichment analyses of H3K79%me2 and H3K79me3 associated proteins. MF:
Molecular Function, BP: Biological Process, CC: Cellular Component.

(C) In vitro peptide pull-down assays of the nuclear lysate from HEK293T cells with
different H3K79 methylated peptides followed by verification of proteins enriched
from mass spectrometry data. Eandom peptide 22 was used as a non-specific binding
control. LamB1 and Nucleolin were used as non-specifically associated proteins, and
MEN1 was a positive control for H3IK7%me?2 binding.
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16 Figure 52. Identification of DCAF] as an associated protein. Related to Figure 2.
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(A and B) Domain enrichment analyses of H3K 79me2 (A) and H3K 79me3-associated
(B) protein. DCAF1 and CHDS were indicated as chromo domain containing proteins.
(C and D) Exogenous proteins were verified from HEK293T cell lines overexpressing
HA-DOTIL (C) and HA-DCAFI1 (D) by Western blot assay. Empty vector: pCW37
vector without insertion of any coding sequence. (E and F) HEK293T cells with
induced expression of shDOTIL and shDCAF]1 were examined by Western blot assay
for the protein level of DOTI1L and DCAF1. shNC: negative control cells expressing a
scramble shENA sequence. H3 was shown as the loading control for H3K 79me2.

(G) The cell viability examination by CCKE assays on the HEK293T cell lines
exogenously expressing shDOTI1L or shDCAF1. Data are presented as means = 5D (»
= 4)_ Statistical significance was determined by the Student’s t-test. ns: no significance.
(H) Cell cycle analysis of HEK293T cells expressing shDOTI1L by flow cytometry.

(I) Cell cycle analysis of HEK293T cells expressing shDCAF1 with or without
treatment of EPZ3676 by flow cytometry.
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Figure S3. DOTIL/H3K7%me2 and DCAFI1 repress the latent HIV reactivation.
Related to Figure 3.
(A) The cell viability examination by CCKS8 assays on the E4 stable cell line expressing
shDOT1L with or without TINFa treatment. Data are presented as means = 5D (n =4).
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Statistical significance was determined by the Student’s t-test. ns: no significance.

(B) Flow cytometry analysis of two shDOTIL 2D10 cell lines at latency and
reactivation. Representative results of three technical repeats from at least three
reproducible experiments are shown.

(C) Quantification of GFP-positive 2D10 cells expressing shNC and shDOTIL at
latency and activation by TNFa. Data are presented as means = SD (n = 3). ***P <
0.001

(D) Flow cytometry analysis of 2D10 cell lines in the absence or presence EPZ3676 at
latency and reaction by TNFo. Eepresentative results of three technical repeats from at
least three reproducible experiments are shown.

(E) Quantification of GFP-positive 2D 10 cells before and after treatment of EPZ3676
and TNFa. The Western blot assay was performed to detect the levels of GFP protein
and H3K 79me2. Data are presented as means = SD (n = 3).

(F) The cell viability assay on E4 stable cell lines expressing shDCAF1.

(G) Flow cytometry analysis of two 2D 10 cell lines expressing shDCAF]1 at latency
and reactivation by TNFa. Representative results of three technical repeats from at least
three reproducible experiments are shown.

(H) Quantification of GFP-positive 2D10 cells expressing shDCAF]1 at latency and
activation by TINFo. Data are presented as means = SD (i =3).

(I) The cell viability assay on E4 stable cell lines expressing shDCAF1, with or without
the treatment of EPZ3676. TNFo or both.

(J-L) The flow cytometry analysis of GFP-positive E4 cells expressing shDOTIL (J),
treated with EPZ5676 (K), or expressing shDCAF]1 (L). Cells were treated with TNFa
for 24 hours, followed by TNFa withdraw for different time. Corresponding to Figure
3M-0.
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Figure S4. The analysis and validation of RNA-seq data. Related to Figure 4.
(A-D) Volcano plot showing differentially expressed genes in TNFuo-treated in
comparison to untreated-cells (A), EPZ5676 and TNFu treated- compared to untreated-
cells (B), EPZ3676 treated- compared to untreated cells (C), and EPZ5676 and TNFa
treated- compared to TNFa treated-cells (D). WT: untreated wild-type cells. EPZ:
EPZ5676.

(E) RT-gPCR validation of expression alterations for C1 genes. Data are presented as
means = SD (n=3).

(F) ET-gPCE. validation of expression alterations for C2 genes. Data are presented as
means £ SD (n=3).

(G-J) GO enrichment analysis of genes from C1 (G), C2 (H), and C3 (J).

(I) The cumulative distribution of the expression levels for upregulated genes (red),
downregulated genes (blue), and all genes (gray) in cells treated with EPZ5676
compared to untreated cells. * P < 0.05, ** P < 0.01, and *** P < 0.001, ns: no

significance.
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Figure S5. DOTIL and DCAF] repress Tat-induced HIV activation. Related to
Figure 5.

{A) ChIP-qPCR results showing the levels of H3 at the HIV LTR. and downstream GFP
regions in E4 cells with TINFa treatment. ChIP enrichment values were normalized to
input and shown as means £ SD (n = 3). Corresponding to Figure 5C.

(B) ChIP-gPCR results showing DOTI1L occupancy in E4 cells expressing shDCAF1
with or without TNFa treatment for 12 hours. DOTIL enrichment wvalues were
normalized to mput and shown as means = SD (7 = 3). ns: not significant.

(C) Western blot results showing protein levels of DOTIL and DCAF1 in HEK293T
cells transfected with DOTIL siRNA (siDOTIL-1 and siDOTIL-2) or siDCAFI
(siDCAFI-1 and siDCAF1-2).

(D) Luciferase assavs results showing HIV-LTE. transcriptional activity in HEK293T
cells transfected with siDOTIL or siDCAF I, and pCDNA-tat vector for 12 hours.
Luciferase activity was normalized to renilla. Data are presented as mean = SD (n=3).
*xx P<0.001.

(E) Luciferase assays results showing HIV-LTR transcriptional activity in HEK293T
cells expressing shDOTIL or shDCAF1, and pCDNA-tat vector for 12 hours.
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Luciferase activity was normalized to renilla. Data are presented as mean + 5D (i = 3).
** P=001_*** P=0.001, ns: no significance.

(F) Schematic domain illustration of full-length DCAF]1 protein, individual domains
and mutation sites were specified.
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Figure S6. DOT1L and DCAF] repress transcription of C3 genes induced by TNFao.
Related to Figure 6.

(A) Immunofluorescence staining results of p65 in E4 cells expressing shDCAF1 with
or without TNFu treatment for 0.5 and 1 hours (left) and representative zoom-in area
from the rectangle (right). Scale bar: 25 um (left); Scale bar: 7.3 pm (right). DAPT (blue),
pb3 (red).

(B) Quantification of p63 nuclear translocation as a ratio of nucleus and cytoplasm
signals from the immunofluorescence staining results. A total of 100 cells were scored
and plotted 1n a box plot. The line corresponds to the median and the box boundaries to
the interquartile range (IDE), respectively. Whiskers include all points.

(C) Venn diagram showing shared genes between 24 genes in C3 that contain the NF-
¥B binding motif and 104 differentially expressed genes in the NF-«xB pathway
predicted by JASPAR. Five genes_ including NFxBI4 and BCL3 were shown with the
enriched NF-«B binding motif.

(D) ChIP-gPCR results of DOTIL occupancy at the promoters of two NF-«B_target
genes from C3 1n E4 cells with or without TNFa treatment for 12 hours. The promoter
of GDAP1 and a randomly picked intergenic region were included in the assay as non-
specific controls. Data were normalized to input and shown as means = SD (n = 3).
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(E and F) ChIP-gPCR. results of the DCAF1 occupancy at the promoters of two NF-
B target genes in E4 cells expressing shDOTI1L, with or without the TNFa treatment
(E), and in cells treated with EPZ5676, TNFa or both (F). Data were normalized to
input and shown as means = 5D (n = 3).

(G) ChIP-qPCR results of total RNAPII distnbution at the promoters of two NF-xB
target genes in E4 cells expressing shDCAF1 with or without the TNFa treatment ((3).
Data were normalized to mput and shown as means £ SD (n=3). * P <005 ** P <
0.01, and *** P<0.001.
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Figure 57.
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Figure 57. The HIV-1 reactivation in primary CD4~ T cells expressing shDOTIL

or shDCAF]1 by TNFo or LRA. Related to Figure 7.

(A) The flow cytometrv analysis of E4 cell lines before and after treatment of EPZ5676
and Prostratin. Representative results of three technical repeats from at least three
reproducible expeniments were shown.
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(B) Quantification of GFP-positive E4 cells before and after the treatment of EPZ3676
and Prostratin. The Western blot was performed to detect the levels of GFP protein and
H3K79me2. Data are presented as means = 5D (n=3).

(C and D) The flow cytometrv assay (C) and quantification (D) showing the
percentages of GFP-positive E4 cells expressing shNC, shDOTI1L-1 or shDOTI1L-2 at
latency or upon reactivation by JQ1 treatment.

(E and F) The flow cytometry assayv (E) and quantification (F) showing the percentages
of GFP-positive E4 cells expressing shNC, shDCAF1-1 or shDCAF1-2 at latency or
upon reactivation by JQ)1 treatment.

{(G-J) Luciferase activity (G and H) and HIV-1 gag mRNA expression level (I and T)
detected upon the treatment of TNFa or Prostratin in HIV-infected primary CD4™ T
cells from Donor 2 expressing shDOTIL or shDCAF1. Data were normalized to shNC
and shown as means = SD (n=4). ** P=0.01, and *** P <0.001.
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Table S1. Li t o1 different methylated binding protein. of H3IK79. Relzted .0
Figure 1.

Table S2. List of gene. containing NF-xB binding sites in the C3 cluster genes.
Related to Figure 6.

Table S3. Information of gPCR primers in this paper. Related to ¥Figure 4-6.
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